Résumé. -Nous attirons l'attention sur le fait que l'effet Mossbauer a un rôle à jouer dans l'étude détaillée du mouvement Brownien. Nous avons calculé le spectre Mossbauer lié au sein de (dans des) sphères de diamètre égal à 1 p, qui elles-mêmes sont en suspension dans un liquide, tel que l'eau. Nous avons montré que dans des conditions appropriées, facilement réalisables, l'évolu-tion détaillée de la valeur moyenne du carré du déplacement de telles particules Browniennes est décrite par la forme de raie non Lorentzienne obtenue. Les conditions expérimentales et quelquesunes des nombreuses applications sont discutées.
1. Introduction. - The purpose of this paper is to discuss the role which the Mossbauer effect can play as a probe into the detailed behavio~ of a particle undergoing Brownian motion. The Mossbauer speo trum is a mirror of the mean square displacement --
~( t )~
[l] of a nucleus in a time t. Up to the present, it appears that the diffusion of Mossbauer nuclei has been accounted for in a simple way : the linewidth usually of the spectrum is assumed to be increased from the natural linewidth ï by an amount given by 2 Dg2, where D is the diffusion constant and q is the magnitude of the wavevector q of the y-ray. This simpli--fication assumes that ~( t )~ is given by 2 Dt, a result discussed in 1905 by Einstein [2] , who showed that for spherical particles D = kT/6 nyR where k is Boltzmann's constant, Tis the absolute temperature, y is the viscosity of the fluid in which the Brownian particle is suspended, and Ris the radius of the particle. However, as was recognized by Einstein, the above behavior of -
is an approximation which is good only for times much longer than the characteristic time for the velocity of the particle to fa11 off to zero in the absence of an external force. For fluids of low mass density, this time is given by t, = m/6 nyR, where m is the mass of the particle, and is thus proportional to R2. For for one micron particles suspended in water and not only its long time behavior.
--

Observation of the detailed behavior of ~( t )~
is of interest for a number of reasons. A few years ago, computer simulation experiments on a gas of hard spheres carried out by Alder and Wainwright [3] revealed that the velocity autocorrelation function v(t) v(0) of the spheres was proportional to t -3 1 2 for large times, in disagreement with the classical, exponential behavior expi-tlt,). This result stimulated much interest in the field of statistical physics in two areas. First was the desire to understand the origin and basis for the observed non-classical behavior. A. Widom [4] and Zwanzig and Bixon [5] pointed out that when the mass density p of the fluid is comparable to, rather than much less than the mass density p, of the particle, Stokes' Law must be modified. Still, the modified equation of motion, which is derivable from the linearized Naveir-Stokes equation [6] , can be used in conjunction with the fluctuation dissipation theorem to obtain a modified velocity autocorrelation function [7] . The resulting velocity autocorrelation function indeed is proportional to t-312 for large times [SI. Exponential behavior obtains for al1 times in the lirnit that p/p, approaches zero. There has also been work [9] on the problem of deriving the modified velocity autocorrelation function starting with Hamilton's equations of motion for the system comprised of a rigid Brownian particle (whose interna1 degrees of freedom are suppressed) and the fluid molecules.
The second interest of statistical physicists has been the desire to find a way to observe the detailed behavior of the velocity autocorrelation function in a real system. Among the methods proposed have been light scattering and the decay of a current of ions in water [IO] . Unfortunately, in both these methods, the -behavior of v(t) u(0) and ~( t )~ in the characteristic time regime t -to is not easily accessible to observation.
We have pointed out [12] and will show later on in this article that with an easily realizable set of physical parameters, the width of the Mossbauer spectrum of nuclei, which are embedded in particles with a diameter of about one micron and suspended in a liquid, is on the order of t i l . Thus, the Mossbauer spectrum is potentially an ideal means of studying the detailed behavior of the motion of a Brownian particle and is therefore an ideal means of checking the predictions of statistical physics in a real system. While the search for such a reaI system is what initially motivated us in our work in this area, it is the area of practical applications which is of greater interest to us now. For, we trust in the predictions of statistical physics -in particular, the validity of applying the fluctuation-dissipation theorem to Brownian motion. What we are hopeful about is the potential of the Mossbauer effect as a mean of identifying the particular type of dgfSusion process which is taking place in a given place in a given system. Al1 diffusion processes -share the following asymptotic properties for ~( t )~
:
It is for times on the order of the characteristic time (t, in Our case) for v(t) v(0) to fa11 off to zero that differences show up.
2. Some details. - The system we are considering is a suspension of particles on the order of one micron diameter in a liquid. The shape of the particles may be regular (e. g., spherical, circular, cylindrical, or cubical) or randomly shaped and with a wide or a narrow range of dimensions. The distribution of Mossbauer nuclei in the particles is assumed to be known [13] .
The displacement of a given nucleus in a time t is expressible in the form where x(t) is the displacement of the center of mass of the particle, 0(t) the angular displacement of the particle, and r is the position of the nucleus relative to the center of mass of the particle at time t = 0. This expression is valid to first order in displacements and is adequate because the small displacements which are relevant are much smaller than the size of the particle itself.
Let us assume that the Mossbauer line is not split. Then the absorption or emission spectrum of such a nucleus is given by
where oo is the frequency and ï the natural linewidth of the Mossbauer y-ray and n(r) is the density of Mossbauer nuclei in the particle. Since the particle is large, recoil of the particle as a whole is negligible. The motion of the nucleus relative to the center of mass of the particle other than that due to the rotation of the particle as a whole leads to a background of width on the order of the Debye frequency -as in the case of a fully macroscopic sample. The absorption spectrum of the source and absorber combination of a Brownian particle and a bulk sample is given by where c is the speed of light, v is the relative speed of the source with respect to the absorber.
Under certain conditions [14] exp and where Q(t) is the angular velocity of the particle, show how the mean square displacements are related to the velocity and angular velocity autocorrelation functions. These autocorrelation functions are derivable from an analysis of the macroscopic motion of the particle in response to time dependent external forces and torques, using the linearized Navier-Stokes equation.
Results for the case of a sphere are presented in reference [12] to the Mossbauer spectrum, we must have
But t , must not be so short as to require excessively large velocities u.
A critical dimensionless parameter is which is on the order of the ratio of the root mean square displacement in a time t , to the wavelength of the y-ray.
When P & 1, the dominant effect of Brownian motion on the Mossbauer spectrum comes from displacements in the time regime e t,. We can then set X(t)2 = U(0)2 t Z , so that the spectrum has a width on the order of T + y', where
When / 3 4 1, the dominant effect of Brownian motion on the Mossbauer spectrum comes from displacements in the time regime much greater than t,. That is, we can set x(t)" = 2 Dt, so that the spectrum will have a width on the order of T + 2 ~q ' .
In order for the dominant effect of Brownian motion on the Mossbauer spectrum to come from displacements in the time regime t -t,, we need -1. In this case, the width of the spectrum is on the order of ï + tC1. In If the radius were much smaller, y would have to be reduced correspondingly in order to keep P -1. This will eventually require liquids with so low a density that plp, < 1, so that while the details of diffusion broadening in the time regime -t , will be observed, non-classical behavior will not be observed. Furthermore, eventually too large a velocity will be required. If, on the other hand, the radius were much larger, 17 would have to be increased correspondingly in order to keep j ? -1. This will eventually lead to T t , 1 and a masking of the broadening due to Brownian motion. We have not yet calculated the Mossbauer spectrum for the case of non-spherical solid particles. In principle, the spectrum can be calculated once the spectrum for each type of particle shape and size is calculated and the distribution of particle sizes and shapes in the sample is known. The case of a bacterium such as E. Coli, which has been studied and reported on in these proceedings by E. Giberman et al., is quiteexciting but very complicated. The Brownian motion depends upon collisions of molecules of liquid not only outside but also inside the bacterium. An Fe5' nucleus may be located in the ce11 membrane or somewhere in the liquid or in a solid or quasi-solid particle in the interior of the bacterium. Thus the motions of many coupled sub-systems are involved. It is hoped that progress will be made in the near future on the theoretical side in the analysis of such coupled motions and in the detailed dynamics of diffusion in various types of quasi-solid materials, and, on the experimental side, in the area of sample preparation, elimination of undesirable contributions to linewidth, and in the determination of the detailed lineshape of Mossbauer spectra.
